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An adaptive mechanism controls the strength of innervation to the two eyes independently. However, 
under some circumstances an adjustment in strength of innervation to one eye is generalized to the 
other. The coupling and uncoupling of the two eyes during saccadic motor learning was studied using 
the technique of intrasaccadic target displacements to provide a precise visual-motor error pro- 
portional to the commanded movement. Early adaptive changes (saccade plus fast vergence) were 
measured within the saccadic interval and late adaptive changes (vergence rror) were measured after 
the saccadic interval. When one viewing eye was retrained using intrasaccadic displacements, accadic 
amplitude changes generalized to the other nonviewing eye. Thus, rapid adaptive changes trained 
monocularly were transferred to the nonviewing eye. But when two eyes were viewing and an adaptive 
stimulus was provided to only one eye (binocular viewing-monocular training), adaptive changes also 
occurred in both eyes. Experiments described here suggest hat the recalibration of the saccade occurs 
quickly as a conjugate adjustment of gain which is used to balance innervation to the two eyes. 
Thereafter, disconjugate mechanisms provide a further recalibration to each eye independently. 
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INTRODUCTION 
It is remarkable that, in many circumstances, the human 
oculomotor system is able to maintain conjugate ye 
movements, despite physiological and pathological 
changes or optical distortions. This indicates that an 
adaptive process continually calibrates yoking move- 
ments of the two eyes. We know that the yoking between 
the eyes is sustained and refined during development 
while interpupillary separation and axial length in- 
creases. It is sustained uring maturity and throughout 
the aging process when the elasticity of the muscles is 
changing. Additionally, the system responds to episodic 
perturbations; it regains conjugacy after minor paresis 
and it loses conjugacy after spectacle correction (Abel, 
Schmidt, Dell'Osso & Daroff, 1978; Erkelens, Collewijn 
& Steinman, 1989; Henson & Dharamshi, 1982; 
Kommerell, Olivier & Theopold, 1976; Optican & 
Miles, 1985; Optican, Zee & Chu, 1985; Zee & Levi, 
1989). Such disconjugate corrections in conjugate co- 
ordination are acquired for several types of eye move- 
ments, including saccadic, vergence, and pursuit 
(Erkelens et al., 1989; Horner, Gleason & Schor, 1988; 
Lemij & Collewijn, 1991a; Miles & Judge, 1982; Oohira 
& Zee, 1992; Oohira, Zee & Guyton, 1991; Snow, 
Hore & Vilis, 1985; Viirre, Cadera & Vilis, 1988; Zee 
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& Levi, 1989). Recent evidence suggests that the differ- 
ent oculomotor control systems learn adaptive adjust- 
ments separately. For example, disconjugate binocular 
training of vertical saccadic movements did not transfer 
to pursuit movements (Schor, Gleason & Horner, 1990). 
Similarly, training that oocurs during saccades did not 
affect another control system like vergence movements. 
Therefore, the most conservative hypothesis i that the 
properties of adaptive changes that occur after training 
are system specific and largely independent. 
It is also necessary to speculate that properties of 
adaptive changes occurring after short-term training 
may not reflect the same processes that underlie long- 
term changes. Most studies have concentrated on long- 
term adaptive changes in saccade metrics (Collewijn, 
Erkelens & Steinman, 1988b; Erkelens et al., 1989; 
Kommerell et al., 1976; Lemij & Collewijn, 1991a, b, 
1992; Oohira et al., 1991; Snow et al., 1985). These 
studies howed that the amplitude of saccades made by 
both eyes were modified in response to unilateral ex- 
traocular muscle paresis. The modification depended on 
visual experience, since patching of either eye alone 
produced changes that were different from the effects of 
visual experience when the two eyes were used together. 
Long-term use of anisometropic lenses resulted in sig- 
nificant unequal changes in the amplitude of the move- 
ments in the two eyes. Some "short-term" studies have 
examined the effect of wearing anisometropic lenses for 
several hours (Lemij & Collewijn, 1991b). Eight hours of 
wearing such corrections resulted in significant changes 
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in the gain of the movements made in the two eyes. More 
recently, Bush, Van der Steen and Miles (1994) have 
shown that some of these effects may not be an adaptive 
process but rather a compensation to the visual stimu- 
lus since they occurred immediately when targets of 
unequal size were available. Thus, it is important to 
distinguish between effects that are a direct consequence 
of the sensory attributes from those acquired changes 
dependent on repeated exposures. 
Here, we report a study of the initial effects of 
postsaccadic visuomotor errors on saccade amplitude, a 
process we call rapid saccadic adaptation. These exper- 
iments show that rapid saccadic adaptation is clearly 
an acquired change, not compensatory, and that it 
differs in important ways from long-term disconjugate 
adaptive processes. Specifically, we examined whether 
adaptive changes effected during monocular training, 
transfer to movements made by the nonviewing eye. The 
goal of these experiments was to determine the amount 
of yoking between the two eyes when only one eye 
receives visuomotor errors. In a second set of exper- 
iments, we examined the unyoking of the two eyes by 
studying the training effects that occur when the two eyes 
receive disconjugate training, i.e. disparate visuomotor 
errors. We also examined the role of background visual 
cues on the adaptive process by performing the exper- 
iments in the dark, where vergence context was mini- 
mized, and in the light, where vergence cues were more 
readily available. Portions of the present results were 
reported before in abstract form (Albano, 1992). 
METHODS 
Subjects 
One experienced subject (JEA: age 45 yr) and five 
inexperienced college students (aged 18-20 yr) partici- 
pated in the monocular studies. The inexperienced ob- 
servers had normal uncorrected vision. Two experienced 
subjects (JEA and JAM: age 21 yr), participated in the 
binocular experiments. Both had corrected refractive 
errors (OD, -0.5; OS, 0.75D and OD, -2.OD; OS, 
- 2.5D) but were otherwise normal on tests of stereoacu- 
ity and binocular vision. All subjects gave written con- 
sent after receiving information regarding the risks and 
benefits of participation in these experiments. 
Eye movement recording 
Two types of eye-movement recording devices were 
used: a dual Purkinje image eyetracker (DPI-Eyetracker, 
SRI International, Menlo Park, CA) and an electromag- 
netic eye coil system (Collewijn, Van der Mark & Jansen, 
1975; Robinson, 1963). The eye tracker was used to 
monitor saccades of the left eye during monocular exper- 
iments and the electromagnetic search-coil technique was 
used to record eye movements during binocular exper- 
iments. For binocular recordings, subjects wore coils that 
were embedded in a soft annular lens and were held in 
place by suction (Skalar, The Netherlands). Noise of this 
system was estimated to be 20 set arc RMS. In both 
types of experiments the head was stabilized with indi- 
vidually fitted bite bars. Also during both types of 
experiments, the horizontal and vertical eye and target 
position were digitized at 500 Hz and stored on disk and 
digital magnetic tape for off-line analysis. An automatic 
interactive computer program permitted detection, dis- 
play, and measurement of stored saccades on the basis 
of duration and angular velocity criterion (Low-pass 
Finite Impulse Response Digital Filter, pass band at 
80 Hz, stop band at 120 Hz). Saccades were detected 
when the angular velocity exceeded 10 deg/sec. The 
maxima were determined and the pointers to the begin- 
ning and end positions were stepped back to the point 
where the velocity initially exceeded the average presac- 
cadic noise. Computed measurements were verified and 
found to be reliable with manual measurements (to 1%) 
through an interactive computer display. Saccades that 
occurred in the wrong direction (for example, left vs 
right), or that had latencies that were too short 
(< 100 msec), or that had gains less than 0.5 or more 
than 1.4 were considered errors and eliminated from 
further analysis. These accounted for about 5% of the 
trials, depending on the subject. 
Stimuli 
Subjects viewed stimuli presented on a fast-phosphor, 
computer-controlled analog CRT monitor (Data Check, 
San Diego, P4 phosphor) located 500mm away. In 
binocular viewing experiments, subjects wore stereo 
LCD goggles (SEGA) which were controlled by com- 
puter to provide stimuli to the left and right eye indepen- 
dently at 30 Hz (16 msec interstimulus interval, ISI). The 
computer-controlled targets on the screen were synchro- 
nized with the shuttering of the goggles so that target 
pulses (Z-axis intensification) occurred during the begin- 
ning of each shutter cycle. The decay of phosphor 
persistence within the shutter goggle period was verified 
with sensitive phototransistors. X- and Y-positioning of 
the targets on the CRT face was corrected for the 
curvature of the CRT face, subject distance, and intero- 
cular distance automatically. Thus, stimuli evoked com- 
bined vergence-saccade ye movements. The targets 
appeared continuous due to the persistence of the visual 
system. Targets were about 0.1 deg across and 1 cd/m*. 
Intensity was set by the subject just prior to the start of 
the experiment. At the start of all binocular experiments, 
a special display was used by the subject to adjust the 
target intensity until the vertical component of a cross 
was visible to the left eye only and the horizontal 
component was visible to the right eye only. As a further 
precaution, we determined that final eye position and 
saccade amplitude were not different when the left eye 
was occluded and when the target for the left eye was 
turned off. 
Fatigue and attentive state are important parameters 
not easily controlled in saccade xperiments. Changes in 
these states may, by themselves, induce decreases in 
saccade gain. Such changes might add to gain-decreasing 
measures and detract from gain-increasing measures. To 
promote an attentive state and movement accuracy, we 
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incorporated a game-like challenge and minimized the 
overall length of training and testing. The stationary 
targets dimmed at unpredictable intervals. During the 
dims, the subject released and repressed a button within 
300 msec of the dim to receive a positive and avoid a 
negative auditory tone. Subjects were instructed to track 
the target and to respond as quickly as possible to any 
target dims. It is important o remember that the 
measures of saccadic gain change reported here occurred 
within the training intervals, spanning about 5 min or 
so. The entire session length was limited to about 
25 min to minimize fatigue and discomfort from the 
eye coils which were used to record eye movements. 
Within our testing period it was not possible to also test 
for postadaptation u learning effects. 
Procedures 
Intrasaccadicfeedback was used to create visuomotor 
errors (Albano & King, 1989). This method created a 
target displacement during the saccade that equaled 40% 
of the primary saccade amplitude; thus, the induced 
error was a proportion of the motor command and not 
the sensory stimulus. The sampled change in eye position 
value was added or subtracted from the target position 
by computer (every 2 msec) to create two training con- 
ditions. Figure I(A) shows an ordinary trial, without 
intrasaccadic feedback, for comparison. The saccade 
target jumped to its new position and remained there, 
eliciting a primary saccade. The gain-decreasing con- 
dition artificially reproduced the visual effects of a 
hypermetric dysmetria by subtracting a fraction of the 
change in eye position signal during the primary saccade 
[Fig. I(B)]. The result in this case was that the primary 
saccade overshot he initial target location. The gain- 
increasing condition artificially reproduced the visual 
effects of hypometric dysmetria by displacing the target 
further by an amount proportional to the eye position 
signal [Fig. I(C)]. The result in this case was that the 
primary saccade undershot the initial target position. 
Three types of experiments were run: monocular and 
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FIGURE 1. Two kinds of visuomotor errors were tested. The sche- 
matic illustrates the target movements made during gain-decreasing 
and gain-increasing experiments. Left and right eyes view the bin- 
ocular fixation targets at the center of the screen (*). The central 
target is turned off and the saccade targets for the left and right 
eye appear at a single eccentric location (+). During the saccade, 
the left eye target is displaced backward (gain-decreasing) or forward 
(gain-increasing). Darkest lines show optimal final positions after 
intrasaccadic displacements. 
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FIGURE 2. Procedures during training and testing of interocular 
transfer. The illustration shows the target movements from center 
fixation position to eccentric position. In (A) subject fixates central 
target (*). In (B) central target is extinguished and peripheral target 
appears (+). In (C) peripheral target is displaced uring the saccade. 
Subjects used the viewing eye to track the target while eye movements 
were measured in the patched, nonviewing eye. To make this point an 
eye patch is shown as a black rectangle lying between the DPI 
Eyetracker mirror and the screen. 
binocular transfer experiments and disconjugate bin- 
ocular experiments. Figure 2 illustrates the sequence of 
events during the monocular transfer experiments. The 
purpose of these experiments was to test whether train- 
ing of one eye also affected saccadic gains in the 
nonviewing eye. In these experiments, trials involved 
3 deg leftward target jumps and saccades across a 
range of eye positions. At the beginning of each trial 
[Fig. 2(A)] the subject fixated the central target while 
the eye position of the nonviewing eye was monitored 
(monocularly) with the DPI Eyetracker. After an unpre- 
dictable delay of 700-1700 msec [Fig. 2(B)] the fixation 
target was turned off and the saccade target was turned 
on at a location 3 deg to the left. During training 
trials [Fig. 2(C)] the saccade target was displaced again 
during the primary saccade to the target. The next trial 
began from this position. Leftward 3 deg trials were 
randomly intermixed with rightward trials to maintain 
fixation within the oculomotor range. No intrasaccadic 
feedback occurred on rightward trials. 
Figure 3 illustrates principal manipulations during 
training and testing of disconjugate binocular exper- 
iments. The purpose of these experiments was to test 
whether induced visuomotor errors presented to one eye 
during binocular viewing would result in disconjugate 
changes. At the beginning of each trial, the subject 
fixated the central target on the CRT screen through a 
pair of stereo LCD goggles [Fig. 3(A)]. After a delay, the 
fixation target for both eyes was displaced 10 deg right- 
ward [Fig. 3(B)]. During training trials [Fig. 3(C)], only 
the target for the left eye was displaced intrasaccadically. 
Note that it is only after the saccade that a new disparity 
existed between the stimulus location presented to the 
left eye and to the right. Two luminance conditions were 
studied: lights-on and lights-off. Under lights-off, exper- 
iments were conducted in total darkness except for the 
targets on the CRT. Under lights-on, abackground light 
allowed the subject o see the outline of the CRT face. 
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The experiments consisted of three 100-trial phases: 
pretest, training and retest. Adaptation trials occurred 
during the training and retest phases. Measurements 
from trials during the retest phase were compared to 
those during the pretest phase to determine adaptation 
as explained below. All experiments were preceded by a 
52-trial calibration phase used to linearize measurements 
using sustained fixations at eye positions across the 
ocular range. Each experiment lasted approx. 20 min. 
We did not study extinction or readaptation to normal 
visuomotor errors after training and testing; we were 
concerned about discomfort from prolonged wearing of 
the eye coils and fatigue during this demanding task. 
Data analysis 
Saccadic gain [equation (1)] was computed to be the 
ratio of the primary saccade amplitude to the initial 
target displacement 
Primary saccade amplitude 
Saccadic gain = (1) 
Target displacement 
It should be noted that these saccade measurements 
excluded any postsaccadic slow velocity components of 
the movement. The amount of saccadic adaptation 
achieved was determined by comparing the gain of the 
initial saccade during the preadaptation (pre) trials to 
the gain during the retest rials (ret). A measure of the 
training effect was the % gain change [equation (2)] 
between the measures taken before and after 100 training 
trials. This was calculated as a ratio of the change in gain 
normalized to the preadaptation gain. In the binocular 
experiments, using the magnetic coil system, we 
measured saccadic gain in both eyes simultaneously. In 
addition, we were able to measure dynamic gain by 
comparing left and right eye displacement at peak 
velocity with the displacement of saccade target. We 
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FIGURE 3. Procedures during training and testing of binocular 
adaptation. The cartoon illustrates the target movement from the 
center fixation position to the eccentric position. Subjects viewed tar- 
get movements while eye movements were recorded with a mag- 
netic eye coil system. Stimuli appeared alternately to each eye at 
30Hz (16msec ISI) through computer controlled stereo LCD 
glasses. In (A) subject fixates the center target (*). In (B) fixation 
target is extinguished and left and right eye saccade targets appear 
at the same ccentric position (*). In (C) training occurs when the 
target for the left eye (X) is displaced during the saccade, while the 
right eye target is still available (+). 
thought that this measure might be useful to reveal 
changes in "fast vergence" 
/Gain,et - Gainpr~\ 
% Gain change = 100~-_ G~-n-~ -)" (2) 
Static vergence [equation (3)] was computed by taking 
the difference between the right eye and the left eye final 
positions after the eye velocity dropped to an estimate of 
presaccadic noise. In our plots, divergence is positive and 
convergence is negative. Similarly, we could compute 
dynamic vergence by examining the difference in left and 
right eye vergence at peak velocity 
Static vergence =
Right eye final position - Left eye final position. (3) 
Measurements of gain and vergence were submitted to 
standard statistical analysis (Splus, Stat-Sci). Pretest 
gain and vergence (static and dynamic) were compared 
to retest gain and vergence for each experiment using a 
one-tail student -test to determine whether the gains 
were decreased or increased. An analysis of variance 
(ANOVA; 2 x 2 balanced esign) was used to compare 
grouped data between training and luminance con- 
ditions. 
RESULTS 
Interocular transfer 
Monocular adaptation produced changes in the non- 
viewing eye suggesting that adaptive changes were acces- 
sible by both visual pathways. Figure 4 plots saccade 
gain over 350 trials. Plots show the results from 2 
different conditions of (A) gain-decreasing and (B) gain- 
increasing training. The vertical lines indicate pretest, 
training and retest phases. We use solid lines to show 
the mean of the pretest measurements, while dashed 
lines show the mean from the retest phase (last 100 
trials). In (A), the gain-decreasing condition, the mean 
pretest gain was 0.94 and dropped to a mean of 0.74 
after 150 trials of training. In (B), the gain-increasing 
condition, the mean pretest gain was 0.93 and climbed 
to an average of 1.02 in the retest phase. These were 
significant changes, they occurred during the 5-10 min 
of training, and they accounted for a large part of 
the induced error, particularly for the gain-decreasing 
condition. 
Note that the irregular change in gain was typical of 
most experiments. In these records, and typical of most 
other experiments, there were periods when the gain 
change slows. While we did not systematically examine 
potential causes of this variance in the course of training 
it was possible that the irregular rate may be due to 
varying attention or the lack of predictability in target 
movement timing and directions. 
Figure 5 summarizes the outcome of the monocular 
transfer experiments. Each histogram plots the 
amount of gain decrease or increase (measured uring 
the retest phase) as a percentage of the pretest gain 
and the cartoons illustrate the target movements, 3 deg 
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FIGURE 5. Summary of training effects during monocular transfer 
experiments. The height of each bar indicates the magnitude and 
direction of the training effect. Initials under bars identify individual 
subjects. Seven subjects were run on gain-decreasing experiments 
and four were run on gain-increasing experiments. Significant 
effects are indicated by asterisk. Symbols for cartoons are the same 
as for Fig. 1. 
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tracker, we were not able to determine: (1) whether the 
gain changes elicited through one visual pathway would 
also be generated via the untrained pathway, and (2) 
whether the gain changes were greater in the trained eye 
over the untrained eye. To investigate this further we 
ran an additional transfer experiment. After the pretest 
period, the subject was trained with only the left eye 
viewing. Then, during the retest phase, the right eye, 
which throughout the experiment was never exposed to 
the adapting stimulus, was presented with a normal 
visuomotor trial while the target for the left eye (un- 
trained) was attenuated by the goggles. Figure 6 shows 
Trials 
FIGURE 4. Saccade gain measurements from separate monocular 
transfer experiments in which (A) gain was increased and (B) gain 
was decreased. Plot shows measured gain over 350 trials. Open circles 
denote the first 100 trials taken before training. Filled circles show 
trials during training. Vertical dashed line demarcates beginning of 
training trials. Solid horizontal ine shows mean gain during pre- 
test. Dashed horizontal lines show mean gain during last 100 
training trials. Note that measurements were noisier than compar- 
able Fig. 8 because ye movements were measured with the DPI 
Eyetracker in an inexperienced subject. 
15 
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Left Right 
rightward in the dark. Gain-decreasing experiments pro- 
duced somewhat greater changes, from 13 to 25%, 
whereas, gain-increasing experiments ranged from 2.5 to 
10%. For the 3deg target-movements u ed in this 
experiment, this amounts to a maximum decrease of  
0.75 deg and increase of  0.3 deg. Therefore gain-decreas- 
ing experiments tended to produce greater changes than 
gain-increasing experiments. All but one experiment 
were found to be significant (P < 0.05, t-test). 
These experiments indicate that wherever these 
changes occurred, when they were trained by one eye, 
they were also accessible by the other. However, since we 
were able to monitor only one eye with the DP I  Eye-  
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¢- 
=~5 
o 0 
E 
3-5 
°~10 
-15 
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JAM 
FIGURE 6. Summary of training effects during binocular transfer 
experiments. Conventions as in previous figure. 
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FIGURE 7. Typical trials from a binocular adaptation experiment. Each set of traces how target position (top) and eye 
position (middle) and eye velocity (below). Left-eye (solid lines) and right-eye (solid lines) horizontal position begins about 
200 msec after the target jump. In (A) pretest trials (both sets of traces) show both eyes move qually to saccade target 
location. In (B) beginning training trials (both sets of traces) show the introduced intrasaccadie error (solid line). In (C) retest 
trials (both sets of traces) show the effect of training on both left- and right-eye movements; amplitude was reduced. The left 
eye gain appears to be reduced somewhat more than the right eye. 
that both eyes exhibited effects imilar in magnitude. For 
gain-decreasing experiments, the changes were 11% for 
the left and 13% for the right. Changes for both eyes 
were 3% for gain-increasing. These results indicate that 
the adaptive changes were available to oculomotor 
pathways controlling both eyes together, or either eye 
individually, regardless of the eye that was presented 
with the visual stimulus. 
Disconjugate b&ocular adaptation 
In the monocular experiments, our targets were dim 
enough that the intrasaccadic target displacements were 
not detectable, so that, upon debriefing, the inexperi- 
enced subjects were surprised that such target move- 
ments had occurred and that they had made corrective 
movements o acquire the target. In contrast, during the 
disconjugate binocular experiments, diplopia was obvi- 
ous to the (experienced) subjects at the start of the 
training trials. It is interesting that the subjects reported 
they were able to fuse these targets and the diplopia 
stopped, for the most part, after a few trials. 
The goal of the disconjugate binocular experiments 
was to study the potential for unyoking that might be 
produced when disparate visuomotor errors were pro- 
vided. We found that the gains of both eyes were 
modified during gain-decreasing and -increasing con- 
ditions. To illustrate this point, we selected a series of eye 
position and velocity traces before, during and after 
training. The initial target displacement, which is not 
shown in this figure, occurred about 200 msec before the 
beginning of the primary saccade. Traces are centered on 
the saccade and expanded to show details of the eye 
velocity shown in the lower trace. In all timelines, eye 
and target position are scaled in degrees, velocity in 
degrees/sec, while time is scaled in milliseconds. Solid 
lines show the eye and target position traces and the 
velocity trace for the left (trained) eye. The upper and 
lower traces in Fig. 7(A) show 2 sets of events recorded 
during the pretest phase (trials 43 and 100). In Fig. 7(A) 
the left-eye target position trace is not distinguishable 
from the right-eye target race since they lie at the same 
position. In both the position and velocity time lines, the 
2 eye traces are discernible about the time of the saccade 
due to differences in dynamics; the abducting right eye 
is faster than the adducting left eye (Collewijn, Erkelens 
& Steinman, 1988a). Training started after trial 100. 
Figure 7(B, C) shows training trials 156 and 175, note 
the displaced solid line when the left-eye target position 
was displaced uring the primary saccade. Since this was 
a gain-decreasing binocular experiment, a fraction 
(40%) of the change in left-eye position signal was 
electronically subtracted from the left-eye target position 
signal. The steps in the target displacements show when 
these changes were available to the eyes on the next 
shutter phase of the LCD goggles. No clear effects are 
evident in trial 156, but by trial 175 there is evidence of 
some gain change; both saccade amplitudes appear 
smaller but left (trained) eye amplitude is discriminably 
smaller. The traces in Fig. 7(C) (trials 226 and 282) show 
the effects of continued training; saccades fell between 
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the intended target positions. Amplitudes and velocity 
for the left eye are definitely smaller than those for the 
right eye. 
Note that the slow vergence response that occurred 
after a visual latency period does not appear in these 
records because the timing of this step is not predictable 
by the subject and is only available after a visual atency. 
Also note that the adapted saccades did not show 
significant dynamic overshoot or postsaccadic drift. This 
point is made clear in Fig. 8 which shows 4 saccade 
traces at a lower temporal resolution to show the 
appropriate vergence response beginning about 200 msec 
after the saccade. The upper traces how target and eye 
position with solid lines showing left eye and target. 
Bottom traces show vergence [right-left, equation (3)]. 
Target displacements appear in the first 20-40 msec of 
the record. (They are temporally displaced in synchrony 
with the shuttering lasses.) The saccade produces a 
transient divergence, then after a visual delay the ver- 
gence response continues until the end of the trial. The 
vergence response is slow and never completely acquires 
the target. Note that with continued training the conju- 
gate response moves the eyes to an intermediate position. 
In this experiment, some phoria develops at the fixation 
position, but this was not a consistent characteristic in 
all experiments. 
The changes in gain developed gradually over the 
course of about 50 trials. Figure 9 shows some of the 
consistent features of the time course of binocular 
adaptation i  a gain-decreasing experiment with back- 
ground cues available. Figure 9(A, B) show the gain of 
saccades during each phase (delineated by the vertical 
lines). The gain remained about 1.0 during the pretest 
phase then dropped to an average value of 0.9 during 
trials 100-200 and remained fairly steady during the 
retest phase. Left eye gains declined more than right eye 
gains, from 0.98 to 0.85. In this case, the left eye dynamic 
gain was slightly reduced and the variance increased. As 
predicted, the decreasing gain paradigm restdted in a net 
divergence shown in Fig. 9(C). Vergence changes also 
developed gradually over the course of the training 
period. Although we routinely examined the dynamic 
gain and vergence, i.e. measured at peak velocity, we did 
not find statistically significant differences in these 
measures, or evidence of a consistent, but insignificant 
trend. 
The histograms in Fig. 10 provide a summary of the 
results of the gain-decreasing experiments. The cartoons 
in the upper portion of the plots illustrate the target 
displacement conditions during the training trials. After 
fixation of a central target (., dashed line) a saccade was 
made to an eccentric target (+, dashed line) 10deg 
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The histograms in Fig. 10 plot the % gain change in 
the two subjects, JEA and JAM, during the decreasing- 
gain experiments in the light [Fig. 10(A)] and in the dark 
[Fig. 10(B)]. The legend shows that the % gain change 
for each eye is plotted separately. Subjects howed from 
4.5 to 13% decline in gain in the retest phase. The 
asterisks indicate that all changes between subjects' 
measures for the left and right eye (taken individually) 
were significant (P<0.05, t-tests). Although the 
changes in the left and right eye were similar, the left eye 
gains were diminished more than the right eye gains. 
This suggests that the initial stages of a process under- 
lying independent binocular gain changes were appear- 
ing in these few trials. However, the most rapid response 
of the system was conjugate. 
The histograms in Fig. 11 show that gain-increases 
were also predominantly conjugate and in the adaptive 
direction (positive). Subjects showed from 5 to 15% 
increase in gain. In all but one measure the changes (by 
subject by eye) were significant (P < 0.05, t-test). But 
these results were dissimilar in the light [Fig. 10(A)] and 
in the dark [Fig. 10(B)]. In the light, left eye changes were 
greater than the right eye changes, but in the dark, left 
eye changes were less than right eye changes. There is no 
straightforward explanation that can account for this 
peculiar, but intriguing result. We will come back to this 
in the discussion. 
Clearly the lights-on/lights-off condition had an effect; 
for gain-decreasing experiments, left eye changes were 
always greater than right eye changes, but for gain- 
increasing experiments, right eye changes were greater 
than left eye changes in the dark. But the most basic 
question remains, did the left-trained eye change more 
than the right-untrained eye? We tested whether gain 
differences, defined as the difference between the gain 
10 
FIGURE 9. Gain measurements (using eye coils) from a gain- 
decreasing experiment in the light for experienced subject, JAM. 
(A, B) Gain as a function of trial for the untrained (right) eye and the ~ 5 
trained (left) eye. (C) Change in vergence. Relative divergence is t~ 
positive. Vertical lines demarcate the preadaptation phase (trials ~ 0 
1-100) and postadaptation phase (trials 200-300). Solid horizontal e- 
line shows mean value during the preadaptation phase and dashed ~ 
horizontal line shows mean values during the postadaptation ~-5  
phase. 
A. LIGHT B. DARK 
away. The target was displaced back toward the center 
(long-dashed line) during the primary saccade providing 
an error for the left eye only. Note that this displacement 
resulted in an induced visuomotor error that, if fully 
corrected, would cause a divergence. The cartoons are 
otherwise the same in Fig. 10(A, B) except for the screen 
frame, depicted by the rectangle. The screen frame 
indicates that the frame of the screen was visible through 
the goggles when a background light was on. 
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FIGURE 10. Gain changes after training with 40% errors in gain- 
decreasing experiments. Height of bars indicates magnitude of train- 
ing effect. Each bar shows change in gain for left eye (sparse hatch- 
ing) and right eye (dense hatching). Significance is indicated with 
asterisks. In (A) the results from experiments in the light are shown 
and (B) shows the results from experiments run in the dark. Symbols 
for cartoons are the same as for Fig. 1. 
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change measured for each (AG Lef t -  AG Right), were 
significant under the two tested conditions of illumina- 
tion (light, dark) and the two conditions of training 
(gain-decreasing, gain-increasing). The ANOVA showed 
that the overall eye differences (illumination, training 
and illumination x training) were not significant 
(P > 0.05, Table 1). Thus, the disconjugate changes that 
occurred id not reach statistical significance. However, 
we also conclude that the right eye gain changes in the 
gain-increasing conditions complicate the interpretation 
of the effect of background factors on saccadic adap- 
tation; on one hand, visual background had an obvious 
effect; on the other, it was not significant with our sample 
size and short period of adaptation. 
DISCUSSION 
These experiments show that the initial response of the 
saccadic system to the presentation fvisuomotor errors 
was to produce conjugate gain changes. In the monocu- 
lar experiments, we show that errors presented toone eye 
only are transferred to the other eye thereby producing 
conjugate changes. In the binocular experiments, we 
show that disparate rrors for the two eyes, also produce 
conjugate adjustments. Together, these results suggest 
that the mapping of gain changes that accompany rapid 
saccadic adaptation are cyclopean, meaning that inde- 
pendent maps do not exist for each eye. Thus, changes 
induced in one eye that are in conflict with those in 
TABLE 1. ANOVA for left vs right eye differences 
Condition df Sum of sq. Mean sq. F value Pr(F) 
Illumination 1 0.0010 0.0010 3.8 0.12 
Training l 0.0013 0.0013 5.2 0.08 
Illumination × 
training l 0.0007 0.0007 2.9 0.17 
Residuals 4 0.0010 0.0003 
another will likely affect both eyes approximately 
equally, at least in the initial stages of response. It seems 
that a longer term adaptive process must be initiated to 
affect disconjugate changes at a subsequent stage of 
processing. 
Immediate changes 
We feel that these results indicate that rapid saccadic 
adaptation i vokes a true learning process, not a com- 
pensation dependent upon stimulus parameters. 
Although the training effects are rapid, they are not 
immediate; significant changes develop over a time 
course of about 50-100 trials. For other types of discon- 
jugate saccade metrical adjustments immediate compen- 
sations may be an important contribution to the overall 
effect. It is clear that immediate ffects are possible in 
response to anisometropia; unequal magnification i  the 
two eyes is sufficient o produce saccades of unequal 
magnitude. Bush et al. (1994) reported that targets of 
unequal size immediately evoke saccades of unequal 
amplitude. They suggest that the cue of disparity can be 
used by the saccadic system to drive the disconjugate 
response without adaptive learning. In our studies, the 
initial target is a single saccade target with no induced 
disparity error. We found that the change in gain is not 
evident in the first trial; the requirement for disconju- 
gate saccades i  learned over repeated trials based on 
disparities available only after the initial saccade. Thus, 
the mechanism at work in these studies cannot be the 
same as those producing the immediate ffects of Bush 
et al. 
Monocular transfer of adaptation 
When the saccadic system is presented with visuo- 
motor errors it responds using a simple rule: if only one 
eye is stimulated, both eyes will adapt conjugately. This 
was true whether the saccades were elicited by way of the 
trained or untrained eye. Thus, the visuomotor pathways 
that were accessed were available to either eye. These 
results are consistent with previous tudies of patients 
with unilateral paresis, and monkeys with extraocular 
tenectomy; when the good eye was patched and the 
weakened eye was allowed to practice, the saccadic 
amplitudes of both eyes increased. Later, when the patch 
was reversed to the stronger eye, saccadic amplitudes 
decreased (Abel et al., 1978; Kommerell et al., 1976; 
Optican & Robinson, 1980; Snow et al., 1985). We can 
conclude from these and other experiments that the 
adaptive process will not occur separately in the two 
eyes unless specified by the parameters of the stimulus 
(Erkelens et aL, 1989). This study extends this rule to 
rapid saccadic adaptation since previous accadic adap- 
tation studies have measured only the response of the 
viewing eye (Albano & King, 1989; Deubel, 1987; 
Miller, Anstis & Templeton, 1981). 
Conjugate changes greater than disconjugate changes 
Two hypotheses seemed viable: the adaptive ffects 
could be conjugate or disconjugate (Fig. 12). Conjugate 
changes imply that in the initial stages of adaptation, 
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FIGURE 12. Two hypotheses: (A) conjugate and (B) disconjugate 
adaptation. See text for discussion. 
processes with strong yoking between the eyes dominate 
those with independent control. Furthermore, they indi- 
cate that the depth plane of the saccade remains the 
same; there is no change in intrasaccadic vergence. On 
the other hand, disconjugate changes imply that inde- 
pendent adaptive processes are involved in the begin- 
ning stages. Such changes indicate that the plane of the 
saccade may be changed intrasaccadically by fast- 
vergence mechanisms, or merely that the system detects 
a metrical error in the amplitude of saccades made by 
one eye which is independently adjusted. In either case, 
the net effect is that the vergence angle is changed for 
that displacement. Our outcome means that the predom- 
inant first response is to adjust saccade metrics before 
adjusting vergence angles. Because the initial change is 
mostly conjugate, we can say that there is little change 
in the saccadic system's estimate of the target position in 
depth. Predictive vergence was not involved in our 
measurements because slow vergence movements are 
produced only after a visual atency following the initial 
saccade. 
It is only recently that investigators have begun to 
study the changes that occur over the long-term when 
both eyes are viewing and these studies emphasized 
the disconjugate changes that occur. No existing data 
suggest that, in the case of disconjugate stimuli, a 
conjugate response would be initiated. The present 
study makes clear that the saccadic system promoted 
conjugate changes even when disconjugate stimuli were 
available. Again these findings are consistent with 
observations in monkeys with bilateral uniocular tenec- 
tomies: during binocular viewing, changes were conju- 
gate. We can now extend this rule to include the intact 
human, and conclude that the conjugate change occurs 
first even when no proprioceptive or physiological 
damage is involved. 
Lemij and Collewijn (1991) reported disconjugate 
changes in saccade size after as little as 1 hr of use of 
anisometropic corrections. We also see slightly greater 
changes in the trained eye than the untrained eye. While 
their studies and those of others stress the disconjugate 
effects, our studies reveal that conjugate changes prevail, 
at least, within the first few trials. In the course of the 
few minutes of testing, the conjugate changes we ob- 
served outpaced the disconjugate changes ignificantly. 
This is most certainly due to our procedures, where we 
were able to compare pre- and postadaptation per- 
formance. In longer term studies, measures are usually 
made by comparing amplitudes of left and right eye 
saccades. Naturally, this would allow description of 
diconjugate behaviors without investigation fconjugate 
changes. 
All this being said, we allow that our procedures 
probably promote conjugate changes above disconjugate 
changes. First, our testing environment was admittedly 
sparse. We suspect hat one richer in background cues 
would evoke a stronger disconjugate r sponse by forcing 
greater interactions between vergence, accommodation, 
and saccades. We call this vergence context. Several 
forms of context are known to be important in adaptive 
effects of rapid saccade adaptation and other systems 
(Deubel, 1993). Vergence context may be necessary to 
distinguish between monocular errors of saccade ampli- 
tude and errors of estimated required vergence. We 
attempted to examine the effect of vergence context by 
providing a background light, which would allow visi- 
bility of the screen. Apparently this minimal context 
is not sufficient o produce significant effects. We found 
some indication that this manipulation is important, 
but the difference in outcome between convergence and 
divergence in the dark requires further investigation. 
Second, the magnitude of errors that we used might 
have been too great to nurture a disconjugate adaptive 
change. According to the data of Lemij and Collewijn 
(1991), the smaller errors were more completely compen- 
sated by the disconjugate adaptive shifts, whereas, the 
large changes were not. In their studies, induced errors 
spanned 0.1 to 2.5 deg; errors of this size were smaller 
than the size of our errors. Thus, it is possible that 
proportionally greater disconjugate effects may be seen 
at 10 or 20% errors. 
Postsaccadic drift and slow vergence 
We do not observe development of postsaccadic drift 
in the two eyes; our traces show an initial saccade 
followed by a visual delay and then a slow vergence 
response. Snow et al. (1985) found that during the 
adaptive process following paresis the nonviewing eye 
developed rift. They found that monocular viewing for 
3 days produced changes in the postsaccadic drift that 
accompanied adducting (on-direction drift) and to a 
lesser extent abducting (off-direction drift) movements. 
Glissadic overshoot in the abducting eye was also re- 
duced. In binocular adaptation studies, Lemij and 
Collewijn (1991) reported a postsaccadic drift that was 
proportional to the training error. 
The job of measuring changes in saccadic gain was 
made easy since we did not find postsaccadic drift or 
early vergence responses mixed with saccades. In our 
early pilot experiments, with more predictable target 
timings and movements, we noticed that the vergence 
response appeared earlier as training progresses. As 
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training trials continued, slow vergence responses began 
during the saccade. In these pilot experiments, it was 
difficult to separate the predictive slow vergence com- 
ponent from the saccadic movement. Bains, Crawford, 
Cadera and Vilis (1992) suggested that repetitive acti- 
vation of vergence coincident with saccades induced 
plasticity at a level that could support independent 
adaptive control. I f  so, then, another factor that may 
have played a part in the predominantly conjugate 
response was that early slow vergence responses were not 
elicited during training trials. 
Proposed mechanism o f  conjugate change 
The concept of global averaging can help us to 
understand the adaptive changes we have found. Global 
averaging effects have been shown to modify the ampli- 
tude of saccades when two or more targets are pre- 
sented monocularly. Saccades are shifted toward the 
spatial midpoint of the presented stimuli, even if the 
extra stimulus is not the intended target for the sac- 
cade (Findlay, 1982). When dichoptic stimuli appear 
in the same hemifield, saccade amplitudes of both eyes 
are directed to the average position of the two targets. 
Findlay and Harris (1993) call this the dichoptic aver- 
aging effect and they relate their findings to the con- 
cept of the cyclopean eye, as considered by Hering 
and elaborated by Ono and Nakamizo (1977) and 
Ono (1979). It is interesting that the dichoptic aver- 
aging is determined by the extent to which the targets 
appear in the same hemifield. In both gain-increasing 
and -decreasing conditions, the postsaccadic errors 
appear in the same hemifield and could be averaged 
in a similar manner. However, a dichoptic averaging 
effect cannot be an entirely adequate explanation of 
the adaptive changes we observe since the two targets 
are available only postsaccadically. It would be necess- 
ary to use the induced visuomotor errors that are 
provided postsaccadically, store them, and later use 
them to modify the production of similarly-sized 
visually-guided saccades. 
Our observations do suggest some similarities to the 
global visual effect since in both situations accades are 
directed to an intermediate position. Additionally, it 
appears that in dichoptic averaging, saccade amplitudes 
of the abducting and adducting eye are differentially 
affected by the proximal and eccentric target. Although 
it is not clear how, this may have been a factor in the 
unexpected results of the gain-increasing experiments in
the dark. In this condition, the lack of other vergence 
cues may have allowed the averaging mechanism to 
compute the saccade on the basis of targets "unlabeled" 
for the left and right eye. Thus, the movements that 
occurred were to the nearer target, for the left eye, and 
the further target for the right eye. It seems possible 
that the same spatial map that subserves global pro- 
cessing may also subserve rapid adaptation. The two 
postsaccadic targets presented to each eye might be 
averaged in a single cyclopean map and used to compute 
postsaccadic error. 
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Function 
The exact functions of rapid saccadic adaptation 
remain uncertain. The characteristics that we observe in 
the laboratory seem to suggest hat it is ideally suited as 
a mechanism for continuous monitoring and updating of 
saccade metrics. Some have suggested that it may con- 
tribute to the changes necessary during growth and 
development; indeed, the process that remains during 
adulthood may be vestigial to that developmental pro- 
cess. However, it is puzzling why so rapid a process 
would be required in response to developmental changes. 
It is also possible that rapid saccadic adaptation con- 
tributes to the recovery of function after injury and 
during aging. Since the magnitude of the efl'ect is small 
and often incomplete, it may serve as an antecedent to 
a more robust, longer-term adaptation. Even so, the 
contribution it may make to such a recovery is limited. 
The binocular studies presented here suggest an ad- 
ditional role for rapid adaptation; a process that resets 
the conjugate position of the eyes to facilitate discon- 
jugate adaptation. In the adult, conjugate rapid adap- 
tation may function to provide a fast "coarse-adjust" 
that precedes the changes that interpret disparity and 
maintain binocular fusion. 
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